This theoretical/computational and experimental study addressed the vital two-way coupling between combustion processes and fluid dynamic phenomena associated with schemes for burning liquid fuels in high-speed, accelerating, and turning transonic turbulent flows. A major motivation for this type of combustion configuration was the demonstrated potential for improvements in the performance of gas turbine engines via combustion in the turbine passages. This program addressed various fundamental issues concerning combustion in an axially and centrifugally accelerating flow. The major combustion challenge involved ignition and flameholding of a flame in the high-acceleration flow and the associated optimization of the injection of the fuel and some secondary air into a protected recirculation zone provided by a cavity. The objectives were to advance our understanding of liquid-fuel combustion in accelerating flows and thereby to contribute to the development of turbine-burner technology.
Introduction
Two-way coupling between combustion processes and fluid dynamic phenomena associated with burning fuels in high-speed, accelerating, and turning turbulent flows has been examined both experimentally and computationally. Distinctions between the transonic case of interest in this program and previous supersonic studies with cavity injection are discussed. Twodimensional, non-accelerating, reacting computational results and reacting, accelerating, and turning experimental results have provided insight into the combined combustion and fluid dynamic processes, specifcally the role of the cavity dimensions, Reynolds number, and injection confguration on the flow and flame stability. The Rossiter rules for the frequency of vortex shedding are demonstrated to not apply when injection of a fluid into the cavity occurs, with or without chemical reaction. Both numerical and experimental results show that the cavity aspect ratio is the most important parameter for flame anchoring and flame penetration into the main channel flow. Effects of the cavity design on flame-holding and burning efficiency are reported for various Reynolds numbers. Distinct combustion regimes are identified at the extremes: burning only in the shear layer flowing over the cavity and burning throughout the cavity. The relations of these regimes to mixing rates are discussed.
Literature Review
Gas-turbine engine designers are attempting to reduce combustor length in order to increase the thrust-to-weight ratio and to widen the range of engine operation. One major consequence of the shorter combustor is that the fuel/air residence time can become shorter than the time required to complete combustion; therefore, combustion would occur in the turbine passage. Sirignano and Liu [1] and Liu and Sirignano [2] have shown by thermodynamic analysis that augmentation via burning in the turbine in the aircraft turbojet engine has a number of advantages. It allows for a reduction in length and weight compared to afterburners, a reduction in specific fuel consumption compared to afterburners, and an increase in specific thrust compared to turbojets without augmenters. For the ground-based gas turbine, benefits have been shown by thermodynamic analysis to occur in power/weight and efficiencies [1] . Furthermore, the reduction in peak temperatures due to acceleration results in the promise of reduced pollutant formation and reduced heat transfer losses in many other combustion applications. A mixing and exothermic chemical reaction in the accelerating flow through the turbine passage offers, therefore, an opportunity for a major technological improvement.
One of the challenges involved with mixing and reacting in the turbine passages is the very large three-dimensional acceleration. Sirignano and Kim [3] obtained similarity solutions for laminar, two-dimensional, mixing, reacting and non-reacting layers with a pressure gradient that accelerated the flow in the direction of the primary stream. Fang et al. [4] extended that study to find numerical solutions for an accelerating transonic mixing layer. Mehring et al. [5] further extended this work to include turbulence via a k-ω turbulence model. Cai et al. [6] developed a finite-volume method to include both streamwise and transverse acceleration, while Cheng et al. [7, 8, 9] have used a direct numerical simulation (DNS) to study accelerating transonic mixing layers undergoing transition from laminar to turbulent flows. These works have shown that streamwise acceleration stabilizes both non-reacting and reacting mixing layers.
This study aims to extend these works by considering the injection of fuel into the subsonic portion of the flow, where the flow begins to accelerate. The fuel was injected into a cavity, intended to provide a protected recirculation zone for gaseous-fuel injection, mixing, ignition, and flame-holding to occur. Flows over cavities have been investigated in many previous studies. Rossiter [10] described a feedback mechanism between the flow field and the acoustic field, and derived a semi-empirical formula for the frequencies of vortex shedding at the cavity leading edge:
where St is the Strouhal number, f the frequency, L the cavity length and U the free-stream velocity. C is a correction factor, n is the mode number of oscillation, M is the Mach number, and κ is the ratio of the convective velocity of the vortices to the free-stream velocity. This feedback mechanism is referred to as a shear-layer mode mechanism. Another mode of oscillation, known as the wake mode, was observed by Gharib and Roshko [11] when the length-to-depth ratio of the cavity was increased. This mode was characterized by large vortices developing in the cavity before being ejected with a Strouhal number independent of Mach number. The flow resembled a shedding wake behind a bluff body and was characterized by intense oscillations that were an order of magnitude larger than those observed in shear-layer modes, with a Strouhal number independent of Mach number. There has been substantially less research performed involving reacting flows with cavities. Most of this work has been motivated by two practical applications. Firstly, cavity-based flameholders have been studied for use in scramjet combustors, with flow Mach numbers typically ranging from 2 to 3. Secondly, cavities have been studied in subsonic flows to provide flame stability in gas-turbine combustors. These combustors have become known as trapped-vortex combustors.
Early research on trapped vortex combustors by Hsu et al. [12, 13] considered gaseous propane and air injected into an axisymmetric cavity to achieve low-speed flame stabilization. Results showed that a vortex is locked in a short cavity with an aspect-ratio L/D < 1 and stable flames resulted for cavity lengths between 0.45 and 0.65 of the upstream wall diameter. Longer cavities produced unstable flames, whereas shorter cavities lacked enough volume for flameholding. Similar results showing a limited L/D range for a stable flame zone were obtained by Katta and Roquemore [14, 15] from time-dependent CFD calculations, also with gaseous propane as the fuel. The main conclusions from these low-speed cavity flameholder studies can be summarized as follows:
1. When a vortex is trapped in a cavity, very little fluid is entrained into the cavity from the main flow. Since continuous mass exchange between the cavity and main flow is required for flame stabilization, this problem needs to be overcome by injecting fuel and air directly into the cavity.
2. When air and fuel are injected so that the vortex is reinforced and the mass transfer of the reactive gases into the freestream is increased, the flame stabilization of the cavity is enhanced.
3. In non-reacting flows, a stable cavity flow occurs at a cavity dimension (L/D = 0.6) that minimizes the pressure drop. This configuration is also the optimal cavity length for providing the most stable flame.
4. The optimum length-to-depth ratio of the cavity is larger in cases with fluid injection into the cavity than those without injection.
The design of a cavity-based flameholder for supersonic combustors poses a similar problem to that of the turbine burner: the relatively long ignition delay time of liquid hydrocarbon fuel could exceed the residence time. In both cases, overcoming this problem requires fast evaporation of liquid spray, effective fuel-air mixing and ignition, and stable combustion.
Supersonic combustors typically consider longer cavities with L/D > 1. For high speed flows, cavities can generally be divided into two categories: open or closed. In open cavity flows, the shear layer formed at the upstream corner spans the entire cavity length and reattaches along the back face. Conversely, closed cavities occur when the shear layer is unable to span the cavity length and reattaches on the floor of the cavity. The length-to-depth aspect ratio separating open and closed cavities at high speeds is typically from 10 to 12 [16] . Both the shear-layer mode and the wake mode occur only for open cavities.
In studies at the Air Force Research Laboratory, the effectiveness of cavities for flame stabilization in high speed flows was examined. Numerical simulations [17, 18, 19] of non-reacting cavity flows showed that cavity residence times decreased in longer cavities and cavities with slanted downstream walls. The cavity residence time is the time scale associated with the emptying of the cavity by mass exchange with the main flow. This residence time was determined numerically by tagging the fluid in the cavity and monitoring its decay. These studies showed that for cavities of fixed length, the residence time is approximately proportional to the depth, whereas for cavities of fixed depth, the residence time decreases with increased cavity length; therefore, the length of the cavity determines the mass exchange rate between the channel and the cavity, while the cavity depth determines the residence time. Additionally, Davis and Bowersox [17, 18] used their results to obtain an empirical equation for the required depth of the cavity: D = τ r U ∞ /40, where τ r is the required residence time for ignition and U ∞ is the freestream velocity.
Yu et al. studied the influence of the cavity geometry on the combustion of ethylene [20] and kerosene [21, 22, 23] fuel injected upstream of the cavity in a Mach 2 flow and showed that small aspect ratio cavities provide better flameholding than longer cavities. They also combined a short open cavity with a downstream closed cavity, which was demonstrated to have a higher combustion efficiency than a single open cavity. In this configuration, the short open cavity acted as a flameholder, while the downstream closed cavity increased the mixing. Gruber et al. [24] showed that injection of ethylene fuel directly into the cavity is preferable to passive entrainment for providing a uniform fuel-air mixture and for maintaining a stable flame.
Numerical studies by Kim et al. [25] showed that increasing the angle of the downstream cavity wall increased the combustion efficiency, but also increased the total pressure loss. Both combustion efficiency and total pressure loss were shown to increase with the cavity length-todepth ratio in the range L/D = 2 -4.
Rasmussen et al. [26] studied the effects of a cavity on stability limits in supersonic flow. They showed that injecting fuel from the downstream wall or ramp gave better performance near the lean blowout limit, while injecting from the floor of the cavity gave more stable flames near the rich limit. They also showed that between Mach 2 and Mach 3 the lean blowout limit did not change significantly, whereas the Mach number had a measurable effect near the rich limit.
The above findings, although performed for supersonic flow, provide some guidance for our own research on subsonic cavity flow.
Accomplishments / New Findings

Numerical Results
This research considered flow accelerating from low subsonic speeds up to high subsonic or low supersonic speeds. The presence of the cavity also created a low-speed region and stagnation point flow. This wide range of Mach numbers created numerical difficulties because different numerical schemes perform better at different Mach number ranges and can perform poorly outside of this range. Two numerical schemes have been used in this research [27, 28, 29, 30, 31, 32] . The first scheme was the derivative of an incompressible code that used a pressurecorrection equation derived from the continuity equation to solve for the pressure field. In this code, the density varied with temperature and species composition but not with the pressure. This limited variation is suitable for low Mach number flows, such as occur near the channel inlet and inside the cavity. This scheme has been used primarily to look at the effect of the cavity and has not considered the effects of a turning, converging channel. However, at higher Mach numbers, the effect of the pressure change on the density is no longer negligible. The second scheme, for high Mach number flows, instead used the continuity equation directly to solve for the density and the equation of state to calculate the pressure. This scheme is better suited to accelerating flows, where the exit velocity is transonic, and also to turning flows, where the pressure variation across the channel is an important effect.
The describing equations for this problem are the two-dimensional, unsteady, compressible Navier-Stokes equations together with energy and species concentration equations.
The stress tensor in these equations is given by:
and the total energy per unit mass is:
The enthalpy is calculated from
where c pm is the specific heat at constant pressure of species m, which is calculated as a function of temperature using curve-fitted polynomials. Thermal conductivity k and dynamic viscosity µ for each species are calculated in a similar manner, with the overall value being a massweighted average. The binary diffusion coefficients D 1m are modeled as functions of pressure and temperature [33] , and each species is assumed to be diffusing in nitrogen, the dominant species. The equation of state for a perfect gas relates the density to the pressure and temperature. For low Mach number calculations, the variation in pressure is caused predominantly by changes in the temperature and species composition. A modified equation of state for a perfect gas can then be used for the low Mach number scheme:
where p 0 is a reference pressure rather than a local pressure. The high Mach number code does not use this approximation. The average gas constant R is given by
Although high Reynolds numbers were considered, no turbulence modelling has been used because the flow is transitional, rather than fully developed, turbulence. Benchmarking calculations were first performed for nonreacting flow over a cavity in a straight channel. The flow here was incompressible and isothermal, and the low Mach number numerical code was used. The boundary conditions were constant, uniform inlet velocity; no-slip at all of the walls; constant, uniform pressure at the exit; and zero-valued first spatial derivatives normal to the exit plane of both velocity components. Results without injection in unsteady flows at higher Reynolds number for different cavity sizes are summarized in Table 1 . The length L and depth D of the cavity were normalized by the height of the channel, and the Reynolds number was based on the channel inlet height and velocity. The Strouhal number was calculated from the dominant observed shedding frequency, which correlates to the n-th Rossiter mode. For the cases with L = 2 and D = 0.5, wake modes were observed and Rossiter's formula did not apply. Significant differences between the shear-layer mode and the wake mode can be seen in the vorticity contours of Figure 1 and Figure 2 . The inlet Reynolds numbers are the same for these two cases. Figure 1 shows a case with a square cavity of L/D = 1. A single large vortex fills the cavity, and the vorticity in the shear layer is confined to the boundary layer downstream of the trailing edge of the cavity.
With L/D = 4, a wake mode developed, as shown in Figure 2 . A large vortex can be seen forming near the leading edge of the cavity, while an ejected vortex can be seen downstream of the cavity. This vortex was ejected far enough into the channel to affect the boundary layer on the top wall. These nonreacting flows without injection indicate that the aspect ratio of the cavity has a significant impact on the fuel -air mixing in the cavity. A cavity with a higher aspect ratio is expected to promote mixing better than a deep cavity.
When air was injected steadily into the cavity from the upstream wall, unsteadiness was found to occur at Re ≈ 950. Without injection, the flow was steady at Re = 2000. The mass flow of fluid injected into the cavity iwas 10% of the mass flow in the main channel. Simulations of the same injection flow rate into a quiescent field showed that the jet alone was steady, implying that there was a coupling between the channel flow and the injection that caused transition to occur at lower Re. With the mass ratio fixed at 10%, the Strouhal number was close to a constant value of 2.0 for Re = 5000 − 10000 and for two aspect ratios of L/D = 1.0 and L/D = 2.0. The injection disrupts Rossiter's feedback mechanism and the oscillation frequency is instead determined by the interaction between the jet and shear layer instabilities; therefore, Rossiter's formula no longer applies.
The reacting flow calculations solve the unsteady, compressible Navier-Stokes equations along with the energy equation and multiple species equations. Gaseous n-heptane has been used as the fuel for the current calculations. The combustion is described as a one-step overall chemical reaction:
and the chemical kinetics rate for the fuel is estimated bẏ
where the chemical rate constants A = 1.2 × 10 9 , a = 0.25, b = 1.5, and E a = 1.255 × 10 8 have been obtained from Westbrook and Dryer [16] .
The overall combustion efficiency for the unsteady calculations is defined as:
whereṁ F is the fuel mass flow rate into or out of the system. The combustion efficiencies for the cases with gaseous heptane injected from the upstream wall of the cavity are summarized in Table 2 . Table 2 : Combustion efficiencies for cavities with gaseous heptane injection
In the reacting results presented here, gaseous heptane fuel was injected into the cavity at an overall equivalence ratio of 1.0 with the air flowing into the main channel. The air inflow and fuel injection temperatures were 1000K and 300K, respectively. The walls of the channel and cavity were isothermal, fixed at 600K. At an inlet Reynolds number of 1000 and with fuel injected from the center of the upstream wall of a cavity with L/D = 2, as shown in Figure 3 , 32% of the injected fuel was burned before exiting the channel. This percentage had a slight increase over the burning efficiency of 28% achieved by injecting directly into a channel without a cavity. In the case with the cavity, the flow above the flame and the flame itself were steady. Some unsteadiness still occurred inside the cavity and in the boundary layer beneath the flame. For the same cavity size and injection configuration but with Re = 500, the burning efficiency increased to 34% due to the increased residence time in the channel. The burning efficiency also increased when the Reynolds number was increased to 2000. This efficiency increased because the downstream portion of the flame became unsteady, as shown in Figure 4 , resulting in greater mixing. In this case, 61% of the fuel was burned before leaving the channel. Although the flame had become unsteady downstream, the anchor point of the flame was still stable. At higher Re, the entire flame became unsteady, including the anchor point. Figure 5 shows temperature and fuel mass fraction contours for a calculation with Re = 5000 at two different instants. In this case, an igniter had been used between the fuel and air streams to shorten the calculation time. The igniter was switched off after a flame was established, with the times shown after the igniter was turned off. For approximately 0.15s after the igniter was turned off, the flame remains anchored in the upper upstream corner of the cavity, as seen in Figure 5a . This time corresponds to approximately 4.5 channel residence times. While anchored in this position, the burning efficiency was approximately 85%.
Because of the two-dimensional configuration, the fuel acted as a sheet or free film rather than as a round jet, so that air from the channel flow could not enter the cavity beneath the fuel stream easily; however, as seen in Figure 5 deflected downwards, allowing air to enter the cavity and the flame to extend around the cavity. Although this air entry increased the air-fuel mixing and the length of the flame, it also caused a displacement of unburned fuel from the cavity into the channel and actually reduced the amount of fuel burned. The temporal variation of the mass flow rate of fuel entering and exiting is shown in Figure 6 . Before the initial downward deflection of the fuel stream at approximately 0.15s, the amount of fuel exiting was relatively constant. After 0.15s, the fuel mass flow rate at the exit fluctuates considerably as the flow became highly unsteady. After 0.4s, approximately 12 channel residence times, the flame was still burning in the vicinity of the cavity. The burning efficiency for this calculation was approximately 60%. The same calculation was performed for a cavity with L/D = 1.0. For this square cavity, the flame was blown downstream after less than three channel residence times, so that burning occurred only very near the exit of the channel, resulting in a low burning efficiency of approximately 30%. The calculations were also performed with an inlet Reynolds number of 10, 000 for both cavity sizes. The cavity with L/D = 1 again had the flame blown downstream, which resulted in a low combustion efficiency of approximately 40%. The longer cavity with L/D = 2 showed an improvement in the combustion efficiency over the same cavity at lower Re. The combustion efficiency increased from approximately 60% to 71%. Since the characteristic residence time is inversely proportional to Re, the increase in combustion efficiency occurred despite the characteristic residence time being halved.
The inlet air temperature for all of these reacting calculations was 1000K. For Re ≤ 2000, the injected gaseous heptane fuel ignited before exiting the channel, establishing a flame that was anchored in the cavity; however, at Re ≥ 5000, the fuel did not ignite automatically before exiting and an igniter was switched on until the flame was established. A computation with an extended downstream channel at Re = 10, 000 showed that ignition occurred approximately 5 channel heights downstream of the cavity.
For all of the reacting calculations, the flow field became much more complex, and there was no clearly identifiable vortex shedding frequency. Neither Rossiter's formula nor the constant Strouhal number observed for the wake mode applied when reaction occurred. This result implies that the unsteadiness of the reaction has a greater impact on the flow field than the mechanisms that create identifiable shedding frequencies.
Computational studies have also been performed on reacting mixing layers in accelerating flows [3, 4, 5, 7] and in turning channels which simulate the turbine stator passage [6, 8, 9] . A mixing layer flowed into the simulated stator passage and hot oxidizing gas flowed on one side of the mixing layer with cold hydrocarbon gaseous fuel on the other side. Cavities have not been used yet in those two-dimensional, unsteady flows where the fluid accelerates from low subsonic speeds to low supersonic speeds, undergoing transition to turbulence. These computations have shown that the reacting flow in the passage results in greater turbulent kinetic energy and mixing as compared to the non-reacting case. Figure 7 shows temperature contours for a calculation with hot air flowing on the outside of the curve, while cold methane gas flows on the inside. Figure 8 shows a calculation in a channel shape that represents an actual stator passage, including space between the stator and rotor. The same type of behavior as seen in the converging-diverging channel occurred; so, we believe that our experimental studies are relevant. 
Experiments
Experiments were conducted in a high speed subsonic combustion facility that was constructed explicitly for use in this project [29, 32, 34] . This unique facility, sketched in Figure 9 , had an inlet air system capable of providing an air flow of up to 0.4 m 3 /s (24000 l/min). The airflow was measured using three orifice plate flow meters, each of which was calibrated for flow rates not exceeding 0.167 m 3 /s (8000 l/min). The air was straightened using a cylindrical settling chamber of 1.6 m length and 0.4 m diameter. The exhaust from the test section was captured and vented from the laboratory using a suction system that had the capacity to handle volumetric flow rates of greater 1 m 3 /s. The test section had a rectangular cross-section with Figure 9 : Experiment layout height variation in the flow direction and a constant width (span normal to Figure 9 ) of 10 cm. The inlet area was 50 cm 2 , and the outlet area was 10 cm 2 . The total length of the test section along the centerline arc was 30 cm. The cavity center was placed 5 cm from the inlet along the centerline arc. To provide optical access, one wall of the test section and the cavity base had high temperature glass windows. The flow entering the test section was verified as having a plug flow profile using a pitot tube. To study the effect of curvature on flame anchoring, two test sections were used. Both test sections had the same channel curvature and contraction characteristics, as well as the same cavity dimensions and cavity axial location. The only difference was the wall on which the cavity was attached. One test section (Figure 10(a) ) had the cavity on the inner wall of the channel, and the other test section (Figure 10(b) ) had the cavity on the outer wall of the channel. In addition, each cavity was built such that its depth could be changed to test effects of vortex confinement. For clarity (and because they showed the most substantial differences), the experiments described in this final report only include deep (5 cm) and shallow (2 cm) cavity depths. For each setup, two cavity aspect ratios (L/D = 1 and 2.5) were studied. More comprehensive results and configurations will be contained in an M.Eng. thesis [35] and a Ph.D. dissertation [36] .
For the cases we concentrate on here, the fuel injection into the test section was accomplished via the cavity. The fuel was injected at various places to find the optimal location. Propane and liquid heptane were used as fuels. The injection location was the same for both liquid and gaseous fuels. For all the results shown, a spark igniter was used inside the cavity to ignite the fuel. The igniter was usually removed once the flame reached a self-sustained condition. Before recording images and temperature data, the test section was allowed to reach thermal equilibrium, which took approximately 5-8 minutes from the start of combustion, depending on the volume of fuel being burnt.
Results -Exit Temperature and Flame Blowout
Temperature was measured at the exit of the test section to determine the extent to which the hot combustion gas was mixed across the main flow. A grid with 4 points along the height of the channel, equally spaced from 0 to 10 mm, and 5 points along the width of the channel, equally spaced from 0 to 100 mm, was used. For every configuration, a temperature surface map was generated and a color bar used to identify the temperature value. A table with the real values of the temperature measured is also included. As a crude measure of energy conversion efficiency φ, we computed the ratio between the measured temperature increase and the temperature increase expected under adiabatic conditions:
We assume that the heat loss from the cavity and the chamber does not vary substantially so that the difference in thermal energy at the exit is due entirely to changes in the combustion behavior. As shown by the results in Table 3 , for deep cavities, more thermal conversion was achieved when the fuel was injected along the main flow direction (i.e., in the downstream direction). Conversely, for shallow cavities, it was more effective to inject fuel against the direction of the main flow. This difference was caused by the substantial variation of vortical structures that was generated by the two cavities. For the deep cavity, there was a single large vortex inside the cavity, and the mixing was improved when the fuel was injected directly into the vortex in a direction reinforcing the vortex. Because the cavity was deep, the residence time for the air and the fuel inside the cavity was relatively long; so some mixing could occur. For shallow cavities, however, there was no single vortex but instead a pair of important vortices that contributed to the combustion behavior. One vortex was near the leading edge of the cavity, and the other occupied a large portion of the cavity. In this case, fuel injected in a direction counter to the main flow was able to mix well in the large vortex even with the relatively short residence time provided by the shallow cavity and gave better mixing. It can also be seen in the table that the influence of the cavity dimension (or aspect ratio) is much more important at higher flow rates. For this higher flow rate condition, the thermal conversion was driven more by the cavity dimension than by the direction of the injection. Interestingly, at all flow rates the flame holding appeared to result from the small vortex at the leading edge of the cavity and this mechanism was not affected by the injection direction or the cavity dimension.
Flame blowout studies were conducted over a wide range of fuel and air flow rates. In these studies, the fuel flow rate was kept constant and the air flow rate was increased from zero to blowout. The lean blowout was noted as the air flow rate at which the flame just blows out. The rich limit was described by the minimum air flow rate necessary for ignition at a given fuel flow rate. From this study an interesting result was observed. For a constant fuel flow rate and an increasing air flow rate the combustion inside the cavity went through three distinct regimes. This three-regime behavior was seen through both inner-wall and outer-wall test-section windows for gaseous fuels with either shallow or deep cavities. An example is shown in Figure 12 for the test section with the deep cavity on the inner wall for a fixed propane flow rate of 5 × 10 −5 m 3 /s. For this case, the operating range was from the rich blowout limit at Re = 5000 to the lean blowout limit at Re = 107,000. At very low air flow rates (Re 5,000-10,000) without large turbulent fluctuations, the flame was confined to the shear layer (Figure 12(a) ). This shear layer combustion was expected because very little air entered the cavity at these flow rates, keeping the mixture inside the cavity too rich for combustion. The residence time of air in the main channel was long enough to facilitate mixing along the boundary layer, leading to a long flame anchored at the cavity and extending down the channel. At high air flow rates (Re > 40,000), most of the combustion occurred in the cavity with significant levels of fluctuation (Figure 12(c) ) that appear to come from turbulence. At these air flow rates the local equivalence ratios inside the cavity were within flammability limits throughout the cavity. In addition, at high flow rates, there was almost no combustion outside and downstream of the cavity because the residence times of the air flow outside the cavity were very low (0.012 s) and the global mixture was lean. At moderate air flow rates (Re 10,000 -40,000), the flame was not stable in the cavity after the igniter was turned off (Figure 12(b) ). In this middle regime, the flame appeared to fluctuate between the low speed shear layer diffusion flame and the high speed cavity vortex flame.
For a fixed fuel flow rate the ranges in which the three regimes occurred did not depend on the radial location of the cavity but depended on the cavity aspect ratio. For shallow cavities the transition occurred at a lower Re and the unstable regime spanned a smaller range of flow rates as compared to the deep cavities. The behavior observed in all cavity configurations suggests that the blowout limits and the regimes of cavity combustion are not strongly dependent on the channel curvature but depend strongly on the cavity dimensions and air/fuel flow rates.
To study flame anchoring mechanisms, CH* chemiluminescence imaging experiments were carried out for all configurations. A high speed (Phantom V.3) camera was used to capture images of the flame. The CCD sensor on the camera was covered by a narrowband filter straddling the important chemiluminescence emitted by the excited CH* radical. Since this chemi-excitation occursred almost exclusively in the regions of the flame where there was a high heat release, the bright areas in the images (Figure 13 ) represent areas of combustion. There was some ambiguity in interpreting chemiluminescence images because the signal was Aspect ratio / Cavity location
Very low: Re < 11, 000 Very low: Re < 6, 500 Inner wall Very high: Re > 44, 500 Very high: Re > 28, 000
Very low: Re < 9, 800 Very low: Re < 5, 800 Outer wall Very high: Re > 41, 000 Very high: Re > 29, 300 Table 4 : Ranges for the three combustion regimes integrated along the line of sight; however, top views through the auxiliary window in the cavity suggested that the images are a fair representation of the typical reaction zone geometry. In these images there are two distinct regions where combustion is taking place: (1) in the shear layer, including its brief extension along the downstream cavity-side boundary layer, and (2) within the cavity. The images also show that the shear layer reaction zone was spreading as it extended downstream from the leading edge of the cavity and that combustion was nearly uniform in the cavity, particularly for the deep cavity. The images also show that the flame in the shear layer was anchored at the upstream edge of the cavity. Temperature measurements confirmed these findings further. As shown in Figure 14 , the temperature within the cavity was fairly uniform. Then there was a noticeable increase followed by rapid decrease in temperature as the probe crossed the shear layer at the top of the cavity and moved into the bulk channel flow. From the preceding results (and those from the many redundant additional cases not shown), the following observations were made:
1. Injection location has an effect on the absolute values of temperatures and thermal conversion efficiency, but the qualitative behavior of the flame holding was not affected.
2. The combustion in the shear layer was a diffusion flame, with fuel coming from inside the cavity, where it was injected, and air coming from the main channel flow. This behavior was clearly observable at low Re, when the combustion was confined to the shear layer ( Figure 12(a) ).
3. Combustion inside the deep cavity (at high flow rates) approximated that of a stirred reactor. The fuel and air were well-mixed. Combustion proceeded when the mixture equivalence ratio was within flammability limits. Although the combustion was premixed, it was initiated and sustained to some degree by heat transfer (both convection and radiation) from the shear layer. The stirred reactor approximation for the cavity is supported by chemiluminescence images and by the uniform temperature profile measured inside the cavity.
4. At high Re, the percentage of combustion occurring inside the cavity increases and, correspondingly, the percentage of combustion in the shear layer decreases. This can be seen as a change in the relative intensities of the shear layer and the cavity combustion in the CH* images (Figure 15 ).
In summary, for gaseous combustion there are two distinct combustion zones: the shear layer and the cavity. The shear layer behaves like a diffusion flame and the cavity combustion like a stirred reactor. The division of overall combustion between the cavity and the shear layer is dependent on the corresponding mixing time scales, specifically, the diffusion time scale in the shear layer and the stirred reactor mixing time scale inside the cavity. As Re increases, the time available for diffusion into the shear layer decreases. Correspondingly, the amount of air entering the cavity increases due to the increase in the shear layer oscillations. This combination of factors produces the gaseous combustion regimes identified above.
Results -Liquid Fuel
Operating the cavity stabilized combustion facility on liquid fuel adds another level of complexity because the fuel must first vaporize before it can mix into the air supply. We found that the evaporation behavior depended fairly critically on the cavity wall temperature, implying that at least a fraction of the liquid fuel was impinging on the cavity walls.
For liquid fuel testing, heptane was used as the fuel, and a typical example using the shallow cavity on the inner wall is shown in Figure 16 . A simplex injector was used to inject the fuel into the cavity. The injection point for liquid and gaseous fuels was the same. We used a pilot propane flame to ignite the liquid fuel from a cold start condition. The pilot fuel was injected in the upstream injection port and was ignited with a spark igniter. One of the major differences between the gaseous and liquid fuel combustion was that the liquid fuel combustion was stable only with a shallow cavity. In the deep cavity, the pilot flame was not hot enough to heat the air in the cavity; hence, the evaporation of the liquid fuel was not effective, leading to intermittent combustion. The penetration of the hot gases into the main air flow was better for the liquid case, but heating of the flow was not as uniform. This issue was resolved by using a test section with the cavity on the outer wall. In this configuration, the centrifugal forces help distribute the hot gases across the channel, thereby producing more uniform heating. Despite these somewhat promising results, we did little additional work with liquid fuel because there was too much sensitivity in the system to the relationship between the cavity geometry and the injection nozzle. Wall wetting and subsequent wall evaporation could not be avoided in the confined dimensions of the cavity, so we were never able to achieve a true evaporating spray configuration. Since the gaseous fuel configuration allowed a more complete investigation of the flame structure and the potential for unstable vortices in the cavity to be used for cross-channel mixing of hot product gases, the study focused on these cases (as reported above). 
Discussion of Results
Qualitatively, the experimental and numerical results agree well. Both predict that, for a fixed Reynolds number, the cavity aspect ratio is the most important parameter for flame anchoring and flame penetration into the main channel. Also, both types of results show that, at low Reynolds numbers, combustion occurs mainly in the shear layer between the cavity and the main channel, regardless of the cavity dimensions. For higher aspect ratio cavities computational and experimental results have shown that combustion occurs primarily in the cavity at higher Reynolds numbers, and experiments have shown that cavity combustion also occurs for cavities with lower aspect ratios if the Reynolds number is sufficiently high. It is proposed that there are two time scales that determine if shear-layer or cavity combustion occurs:
• The residence time of a fluid particle inside the cavity (τ r )
• The diffusion time across the shear layer (τ D )
The residence time of a fluid particle inside the cavity is assumed to be related to the amount of mixing and heat transfer that occurs within the cavity. If this time is large compared to the diffusion time, then mixing and ignition are more likely to occur in the cavity itself. The diffusion time across the shear layer can be estimated from the shear layer thickness δ and the mass diffusivity D as
where κ is an arbitrary constant. Averaging δ across the length of the cavity gives:
The shear layer thickness can be related to the Reynolds using classical shear layer theory, as:
where α = 0.5 for laminar flow and α < 0.5 for turbulent flow. From equations 16 and 17
and from equations 15 and 18
Studies have shown that the residence time inside the cavity is independent of cavity length L and depends only on the depth of the cavity D [19, 37] so that
From equations 19 and 20:
where η is the aspect ratio, Sc is the Schmidt number, and β = 1 − 2α. For laminar flow β = 0, and β > 0 for turbulent flow. This analysis showed that the ratio of time scales is proportional to the aspect ratio, Schmidt number, and the Reynolds number based on cavity length. For a fixed cavity aspect ratio at low Re, τ D /τ r << 1, which means that the diffusion time is much smaller than the cavity residence time, so combustion will occur in the shear layer. For high Re, τ D /τ r >> 1, the cavity residence time is much shorter than the diffusion time, so combustion occurs in the cavity. For a cavity with a larger aspect ratio, the transition from shear layer combustion to cavity combustion should occur at a lower Reynolds number. These predicted behaviors were seen qualitatively, both in experiments and in computations.
Conclusions
Two numerical schemes have been developed to simulate injection of fuel into a flow cavity. It is found that mass injection of fuel into the cavity at a steady rate can cause unsteadiness and transition in the channel / cavity flow at lower Reynolds-number values than found for flows without injection into the cavity. Transition occurs in the Reynolds number ranges 2000 − 3000 without injection and 900 − 950 with injection.
With gaseous heptane fuel injected from the upstream wall of the cavity, the downstream portion of the flame becomes unsteady at in the range Re = 1000 − 2000. This unsteadiness increases the burning efficiency significantly more than reducing the Reynolds number to increase the residence time.
At higher Reynolds numbers, the entire flow field becomes much more violent and unsteady. This behavior increases the mixing and the flame length but also causes packets of unburned fuel to be ejected, overall decreasing the burning efficiency.
The following were the major findings and the corresponding experiments/theory supporting the findings for the experimental part of the turbine program.
Non-Reacting flow:
(a) a vortex of the size of the cavity was entrained in a cavity of aspect ratio 1. This vortex was seen using multiple imaging techniques.
(b) Schlieren images with He and SF6 showed that any gas injected into the cavity followed a similar path. Gases injected, whether they were heavier or lighter than air, diffused into the shear layer and were mixed with the main air flow.
Reacting flow:
(a) Visualization using a high-speed camera showed that there were fixed flow regimes where combustion inside the cavity was self-sustaining.
(b) Combustion was anchored at the upstream edge of the cavity. This anchoring was seen clearly when the fuel was shut down. This anchoring point did not change, irrespective of the fuel or air flow rate changes or the regime of combustion.
(c) Three regimes where combustion occurs significantly differently were noticed. The three regimes occurred when the fuel flow rate was kept constant and the air flow rate was increased from an inlet Reynolds number of 1000 to 100,000. Combustion in the very low Re and the very high Re regimes was self sustaining.
(d) The three combustion regimes are dictated by the time scales involved in the respective combustion zones. The combustion in the shear layer always exists in all the flow cases studied. The combustion inside the cavity only exists for high flow rates. This result suggests that the mixing inside the cavity and the mixing in the shear layer occur at different rates.
(e) Combustion in the cavity/channel system is divided into two distinct zones: the combustion in the shear/diffusion layer interfacing the cavity with the channel, and the combustion inside the cavity. The combustion inside the cavity is like a stirred reactor and the combustion in the shear layer is a diffusion flame.
(f) The flow exiting the cavity entered into the channel flow and was affected significantly by the curvature of the channel. For the case with the cavity on the inner radius, the mixing of the combustion gases in the main flow was minimal; hence the temperature pattern factor at the exit is very non-uniform. For the case with the cavity on the outer curvature the combustion gases mix all the way across the channel and the pattern factor was more uniform than the other case. The point of impact of the flame at the cavity for all the air flow rates for a fixed fuel flow rate was exactly the same.
(g) The thermal efficiency of the system, defined as the ratio of measured to expected temperature rise, showed that the efficiency of the system jumped in the parameter space which indicates the three regimes.
Both the experiments and computations have shown that the cavity aspect ratio appears to be the most important controlling parameter for flame anchoring and flame penetration into the main channel and that lesser effects are observed by varying the injection direction. Experiments have also shown that that the fuel flow rate has an even smaller effect. While the effects of these last two factors are limited to small changes in the average temperature and efficiency, the cavity aspect ratio cause a significant modification of the flame structure and concomitant variations of average temperature and energy conversion efficiency. The effects can be summarized as follows:
(a) The cavity aspect ratio affected the penetration of the flame in the main channel. A shallow cavity was better because it could push the high-temperature gas further into the main air flow and is better for obtaining a more uniform temperature profile at the exit section.
(b) The fuel injection direction modified the main anchoring point of the flame. When counter flow injection was used, the flame anchored at the cavity's back wall. Otherwise the flame was anchored at the cavity front wall.
(c) The fuel flow rate modified only the amount of heat released by the combustion, which was seen as an effective increase in temperature at the exit. It did not affect the flame stability, the flame shape inside the cavity, or the flame anchoring point. 
